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The A(Q 2 ) structure function in elastic electron-deuteron 
scattering was measured at six momentum transfers Q 2 be- 
tween 0.66 and 1.80 (GeV/c) 2 in Hall C at Jefferson Lab- 
oratory. The scattered electrons and recoil deuterons were 
detected in coincidence, at a fixed deuteron angle of 60.5°. 
These new precise measurements resolve discrepancies be- 
tween older sets of data. They put significant constraints 
on existing models of the deuteron electromagnetic structure, 
and on the strength of isoscalar meson exchange currents. 



The deuteron is the only two nucleon bound state, and 
as such is one of the most fundamental systems in nu- 
clear physics. Measurements of its electromagnetic prop- 
erties have been invaluable to our understanding of the 
nucleon-nucleon interaction and of the role of meson and 
isobar degrees of freedom in nuclear systems. At inter- 
mediate to high momentum transfer, it remains a chal- 
lenge to explore the limitations of the meso-nucleonic 
picture of nuclei, and unravel the possible role of the 
quark substructure of nucleons in nuclear structure. The 
deuteron electromagnetic form factors as measured in 
elastic ed scattering provide a crucial test for any model 
of the deuteron. In this paper, new measurements of the 
deuteron elastic structure function A(Q 2 ) are presented, 
in an intermediate momentum transfer region where pre- 
vious experiments Jl|-Q differ by as much as 40% from 
each other and where theoretical models have been re- 
cently refined. 



Assuming single photon exchange, the electron- 
deuteron unpolarizcd elastic differential cross-section can 
be written as : 



da 

dn 



A(Q 2 ) + B(Q 2 ) tan 2 



(1) 



where ctns is the Mott cross-section multiplied by the 
deuteron recoil factor g , Q the four- momentum transfer 
and e the electron scattering angle. A(Q 2 ) and B(Q 2 ) 
are two structure functions, quadratic combinations of 
the three electromagnetic form factors (charge monopole, 
quadrupole and magnetic dipole) which characterize a 
spin 1 nucleus : 



A(Q 2 ) = G 2 C (Q 2 ) 



:T 2 G 2 n (Q 2 ' 



;tG 2 m (Q 2 ), 



B(Q 2 ) = -r(l 



r)G 2 M (Q 2 ), 



(2) 



(3) 



with r = Q 2 /4AfJ. In the kinematic conditions of the 
present experiment, A is dominated by the contribution 
from Gq, and to a lesser extent by the one from Gc, 
which exhibits a node (^JtJ. Existing measurements of 
B |i] indicate that its contribution to our forward angle 
cross-sections is always smaller than 1.6%. 

The two photon exchange contribution, where a vir- 
tual photon couples to each nucleon, has been estimated 
to contribute up to a few % to the ed cross-sections [p|. 
Because of uncertainties coming from approximations in 
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the estimate, this double scattering contribution is ne- 
glected here, but deserves more investigation. 

The measurements were performed in Hall C at Jef- 
ferson Laboratory, as part of an experiment devoted to 
the determination of the deuteron tensor polarization [Q , 
with specific conditions for the precise determination of 
absolute cross-sections. An 80 fiA continuous electron 
beam was used on a 4.45 cm thin-walled aluminium cell 
filled with liquid deuterium. The target cryogen con- 
tained 99% deuterium and 1% hydrogen. The beam spot 
was rastered on the target (± 1 mm in both directions), 
and the density reduction due to beam heating was mea- 
sured to be about 1.3%. The integrated beam charge 
was measured with three resonant cavity monitors and 
a parametric current transformer. The beam energies, 
between 1412 and 4050 MeV, were measured to 0.1%. 
The scattered electrons were detected in the Hall C High 
Momentum Spectrometer (HMS) @. This QQQD spec- 
trometer is equipped with a detector package of two drift 
chambers (6 planes each), two scintillator hodoscopes (2 
planes each), an electromagnetic calorimeter and a gas 
Cerenkov detector, resulting in an electron detection ef- 
ficiency of 94-99%. 

For a precise definition of the electron solid angle and 
to minimize the acceptance mismatch with the recoil 
deuteron detector, the HMS was equipped with a spe- 
cially designed tungsten collimator (± 8.01 mrad in hor- 
izontal, ± 43.8 mrad in vertical). The resulting solid an- 
gle, as determined from a Monte-Carlo simulation, was 
1.386 msr. The recoil deuterons were detected in coin- 
cidence with the electrons using the upstream two scin- 
tillators of the POLDER polarimeter pl| , after passing 
through a fixed angle (60.5°) magnetic channel. The 
deuteron channel (DC) was a QQSQD design with a point 
to point focus in the vertical plane, and zero magnifi- 
cation and kinematics dependent focussing in the hori- 
zontal dispersive plane. Multiple scattering and absorp- 
tion in the DC were small compared to that in the tar- 
get fluid. The small acceptance mismatch between the 
HMS and the DC (1 to 3.7%) was modeled at the low- 
est three kinematic points, and measured at the highest 
three points. The elastic ed events were identified unam- 
biguously through the HMS determination of the electron 
momentum and angle, the ed coincidence timing peak, 
and the deuteron energy loss in the POLDER scintilla- 
tors. Target wall contributions (which were subtracted) 
were approximately 0.1%. 

In the data analysis, a cut at -4% was applied on the 
electron momentum relative to the elastic peak. The 
corresponding corrections (about 20%) due to losses in 
the radiative tail were calculated according to Ref . [^2) . 
The deuteron losses through nuclear scattering and ab- 
sorption were estimated from measured and calculated 
deuteron-nucleus (dA) total cross-sections. Calculations, 
necessary in the case of dd scattering where no data are 
available, were based on the Glauber formalism following 



Ref. These losses amounted to 3.2 to 6.2%, depend- 
ing on the kinematical setting. 

Our results are shown in Table 1. The systematic 
errors on A(Q 2 ) come from uncertainties in the beam 
current measurements (0.5%), the beam energy (about 
1%), the target length and density (1.3%), the elec- 
tron angle (2.3-4.7%) and solid angle (1%), the electron 
tracking efficiency (0.2-1.2%), the radiative corrections 
(1.5%), the mismatch between DC and HMS (0.5-1%), 
and the deuteron losses (0.6-1.2%). These were com- 
bined quadratically. The small B(Q 2 ) contribution was 
subtracted using a fit to the world data, with no ad- 
ditional contribution to the systematic errors. Elastic 
electron-proton (ep) cross-sections were measured for all 
six energies with the HMS only and for one energy with 
the protons in coincidence in the DC. They are on av- 
erage 2% higher than the cross-sections extracted from 
fits to the ep data, which is consistent with the precision 
of these data and of the present work. More details on 
the experiment and on the data analysis will be found 
elsewhere H]. 

Our results are plotted in Figs.[l] and||. They smoothly 
approach the data from ALS Q , but are in clear disagree- 
ment with the lowest Q 2 point from SLAC [EJ. Above 1 
(GeV/c) 2 , our results are in good agreement with the 
SLAC data, significantly higher than the CEA Q and 
Bonn D data. The CEA data were measured with 
background contributions that might not have been sub- 
tracted reliably. ^From Bonn, only the highest Q 2 point 
is a determination of A independent of previous measure- 
ments. New results from a Jefferson Laboratory/Hall A 
experiment also exist p7j . 

Several classes of models can be used to calculate the 
deuteron form factors and A(Q 2 ). We will give only 
a few examples based on the most recent calculations. 
For a review of earlier work, see e.g. . All calcula- 
tions are sensitive to the nucleon form factors, and in 
particular to the poorly known neutron charge form fac- 
tor (G«) [HHll. For instance, a 30% change in G n E 
results in about a 6% change in A, in the Q 2 range of 
the data presented here. G% should, however, be better 
determined from several experiments in the near future. 
Different calculations for the deuteron form factors, in- 
cluding the ones discussed below, do not use the same 
parameterization of the nucleon form factors. The non- 
relativistic impulse approximation (NRIA), using recent 
nucleon-nucleon potentials, underestimates the structure 
function A(Q 2 ). The addition of meson exchange cur- 
rents (MEC) and relativistic corrections (RC) improves 
the description, as illustrated by a calculation using the 
Argonne vis potential pp| ] . There is however some uncer- 
tainty about the pair term contribution |19fl and about 
the exact strength of the pirj contribution fig , pi] , so that 
the good description given by the full non-relativistic cal- 
culation of Ref. p0| still requires confirmation. The new 
A(Q 2 ) data should help fix these isoscalar MEC more 
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accurately. Note that most nucleon-nucleon potentials, 
whether used in relativistic or non-relativistic calcula- 
tions, are adjusted to fit the nucleon-nucleon phase shifts 
up to only about 350 MeV, which might not be high 
enough to match the Q 2 region of the present measure- 
ments. Isobar configurations (mostly AA) could also 
play a role in the deuteron electromagnetic structure [jl9| . 
For a better description of high Q 2 data, several fully co- 
variant approaches have been developed. A solution of 
the Bethe-Salpeter equation using the Gross approxima- 
tion (CIA) ]23| and a calculation using light-front dy- 
namics (LFD) |2^] give similar results and are in rea- 
sonable agreement with our data. They are, however, 
systematically too high at lower Q 2 , and differ at higher 
Q 2 . The LFD calculation [^3| does not include the pnj 
MEC. In quark-hadron hybrid models (QHM), the ad- 
dition of quark exchange terms leads to an overestimate 
of A(Q 2 ) [M. Finally, parameterizing A with a fall-off 
in Q~ 2n , the exponent n is found to increase from 2.7 
to 4.5 in the region of this experiment, still smaller than 
the value n = 10 predicted asymptotically from quark 
counting rules (2^] . 

In conclusion, we have measured the A(Q 2 ) deuteron 
structure function in an intermediate momentum trans- 
fer region. Our measurements resolve discrepancies be- 
tween older experiments and yield significant constraints 
on the most recent and refined models of the deuteron 
electromagnetic structure. Their precision also requires a 
reexamination of small contributions such as two-photon 
exchange. Finally, they were performed at the same kine- 
matics as polarization observables and will be used to 
extract the deuteron charge monopole and quadrupole 
form factors with good accuracy. 
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TABLE I. Measured ed cross-sections and extracted values 
of A, with statistical and systematic errors. Values of B are 
from a fit to the world data. 



FIG. 1. A(Q 2 ): the data are from previous experi- 
ments and from this work . The curves are from calculations 
|o|2|-||] discussed in the text. 
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FIG. 2. A(Q 2 ) deviation (in %) from a fit to previous 
data, used as an arbitrary reference. For clarity, only previous 
data from Refs are shown. See Fig. 1 for experiments 

and calculations legend. Our experimental error bars combine 
statistical and systematic errors in quadrature. 
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